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What methods being developed to help corals become more resilient to the effects of climate 
change?  
Introduction 
 Coral reefs are essential ecosystems that benefit both marine and human life through eco-
nomic, environmental, and educational means. They contribute to ocean health and beauty, and 
their loss would have devastating ripple effects felt throughout the world. 
Biodiversity  
 Many forms of marine life rely on coral reefs for habitat, shelter, spawning grounds, and 
food. Despite occupying a small proportion of earth, they have an important role in the marine 
environment. “Coral reefs cover less than 0.5 percent of the earth's surface but are home to an 
estimated 25 percent of all marine species” (Storlazzi, 2019). Coral reefs, often called “rainfor-
ests of the sea,” are communities of life, as many types of fish, sharks, worms, turtles, sponges, 
jelly fish, and others make their home in the reef. “Coral reefs support more species per unit area 
than any other marine environment, including about 4,000 species of fish, 800 species of hard 
corals and hundreds of other species” (NOAA, 2020). These fish use coral communities as both 
spawning grounds and nurseries, and fish populations would be negatively impacted by the con-
tinuing decline of coral reefs. A decline in fish populations would unfortunately lead many hu-
mans around the world to lose a vital economic and food resource. 
Economic Value 
 Coral reefs are not only a major source of biodiversity, but also an important resource for 
millions of humans. “In developing countries, coral reefs contribute about one-quarter of the to-
tal fish catch annually, providing critical food resources for tens of millions of people” (Jameson 
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et al., 1995). The loss of these reefs and subsequent fish populations could lead to food short-
ages, as these tens of millions of people would have to struggle to find a replacement for this 
food source.   
 There are also many jobs and businesses in the tourism and fishery industries that rely on 
the continued health of the reef for their livelihoods. Spalding (2017) performed a recent assess-
ment on the economic contribution of worldwide coral reefs. Drawing on data from over 100 
countries and territories around the world that are home to coral reefs, he showed that: “coral 
reefs represent an economic value to the world of approximately $36 billion dollars annually” 
This number includes the money that comes from on-reef industries like fishing, but also the 
money that comes from reef-adjacent tourism business ventures including hotels, restaurants, air-
lines, and diving gear suppliers. There is definitely inherent value in reefs for the amount of ma-
rine life and diversity that they support, but there is also economic value to be gained from pre-
serving coral.   
Coral reef ecology 
 Corals are a member of the phylum Cnidaria, and are animals that are often misclassified 
as plants. A coral reef is not a singly individual, but instead are made of a community of hun-
dreds to thousands of individual coral polyps. These polyps will attach to either rocks on the sea 
floor, or the skeletons of dead polyps. Single polyps grow and spread to form these massive reefs 
over time. Over time, this cycle of growth, death, and new attachment will form the large struc-
tures commonly associated with coral reefs. This cycle is also what allows coral colonies to live 
for a long time. “Most reefs are about 5,000 to 10,000 years old, while each coral colony has a 
significantly smaller lifespan of hundreds of years” (Simmons, 2019). It is also what allow coral 
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to grow so large. The Great Barrier Reef in Australia is the largest coral reef system, at over 
1,500 miles long (Ross, 2018). 
 Corals live in nutrient poor waters and thus, would starve without their symbionts, the 
photosynthetic algae that live in their tissues. These algae are dinoflagellates from the genus 
Symbiodinium, called zooxanthellae. “These algae live in coral tissues in extremely high densi-
ties (greater than  10^6 cm^−2) and provide up to 90% of a coral's nutritional requirements” 
(Muscatine et al. 1977). In addition to providing nutrients, the zooxanthella are also what give 
coral their bright and diverse colors. “Zooxanthellae supply the coral with glucose, glycerol, and 
amino acids, which are the products of photosynthesis. The coral uses these products to make 
proteins, fats, and carbohydrates, and produce calcium carbonate” (Barnes, et al, 1987) “In fact, 
as much as 90 percent of the organic material photosynthetically produced by the zooxanthellae 
is transferred to the host coral tissue” (Sumich, 1996). The zooxanthellae also help coral produce 
oxygen and remove wastes. Both the algae and coral benefit from this mutualistic symbiosis. The 
coral produces compounds that the zooxanthellae need for photosynthesis and provide them with 
a safe environment to colonize. In addition, there is a cycling of nutrients between the Symbio-
dinium and the coral. 
  Coral need cool and clear water so that the zooxanthellae can continue to live and grow 
in coral tissues. If these conditions are not met, and water becomes too clear or polluted, zooxan-
thellae become stressed and expel, leaving the coral to starve now that 90% of its food and nutri-
tion input source is gone. 
 
 Coral Reef Stressors 
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 In recent decades there has been a massive decline in corals, prompting researchers to try 
and understand what stressors are most severely impacting coral communities, both natural and 
anthropogenic. There are many natural stressors of coral, “Including predation, competition, 
storms and also natural disease outbreaks” (Sheridan, 2013). These are all stressors that coral 
have had to face for thousands of years. But the increasingly sharp decline in coral populations 
cannot be contributed to natural causes alone, prompting many studies on coral communities 
around the world.  Unnatural stressors that have only been introduced in recent decades, like wa-
ter pollution, ocean warming, and ocean acidification have been found as contributing to their 
rapid decline (Sheridan, 2013). 
   Corals are naturally sensitive to temperature fluctuations. Researchers looked into the 
mass coral bleaching events of the last 30 years and found “The cause of coral death in these 
cases was due to increases in both local and regional seawater temperatures which stress the 
symbiotic relationship between the coral animal and its endosymbiotic alga, the dinoflagellate 
Symbiodinium microadriaticum” (Antonelli et al. 2016; Hughes, T. P.,1994; Middlebrook et al., 
2008). The increasing water temperatures are causing coral to become stressed, and zooxanthel-
lae are expelled. “This eviction of zooxanthellae causes “bleaching” of the coral holobiont be-
cause pigmentation in hermatypic corals is generally derived from the zooxanthellae, not pig-
ment in the coral tissue” (Antonelli et al. 2016).  Once the zooxanthellae are expelled, only the 
white coral skeleton is left, and it is “bleached.”  
 
 
Coral Bleaching 
  6 
 
 Coral bleaching occurs when the symbiotic association between corals and zooxanthellae 
is broken, often thought to be caused by increased temperatures (Douglas, 2003). While it is 
thought that corals most likely expel their zooxanthellae when stressed (Brown, 1997), this inter-
action is not fully understood. Because this algae is what give coral its color, its departure leaves 
the coral a white "bleached" color. Because zooxanthellae provide up to 90% of nutrients to cor-
als (Sumich, 1996), bleaching events can lead to coral starvation. Corals can survive a bleaching 
event, and a bleached coral doesn't necessarily indicate a dead coral. If the stressor is removed or 
limited, zooxanthellae may return and the coral can return to full health. If the stressor is not re-
moved, the coral will starve from lack of zooxanthellae to provide oxygen and nutrients, or die 
due to starvation increasing coral disease susceptibility.  
Research Motivation 
 Half of the world’s coral populations have died in the last 30 - 50 years due to coral 
bleaching (Hughes et al., 1994; Gardner et al., 2003). Estimates based on current models of de-
cline project that by the year 2050, we will have lost 90% of coral populations (Burke, et. al, 
2011). This will negatively impact many forms of marine life that rely on reefs for their food 
supplies, breeding, and nursery grounds. There could be catastrophic ripples in the ecosystem if 
this vital marine habitat is not able to fight back. It will also impact the millions of people who 
depend on reefs for a living in areas such as tourism, fishing, industry, and food. 
 For this paper, I will focus on evaluating three different approaches to coral reef conser-
vation that are being tested in the lab and in the field: 1) Resilience Based management, 2) Aqua-
culture and 3) Assisted gene flow/evolution. I will 1) describe background information related to 
these methods, 2) summarize how successful they have been to date, and 3) address any backlash 
or concern that the public or scientific communities have made concerning these efforts. 
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Literature Review  
 We know that coral populations around the globe are in significant decline (Hughes et al., 
1994; Gardner et al., 2003; Burke, et. al, 2011), so researchers are working to understand the po-
tential for corals to become more resistant to coral reefs. There is some evidence that corals can 
build up natural resistance over time. For example, researchers in Hawaii (Coles et al. 2018) re-
cently demonstrated that coral are very slowly building up resilience through naturally occurring 
processes. They looked at different coral species, including Montipora capitata, Lobactis 
scutaria, and Pocillopora damicornis.to see if there was any difference in thermal tolerance now 
vs 50 years ago,  in 1970 when the first mass mortality events began happening. They compared 
using threshold temperatures from the 1970’s and average modern temperatures. All three spe-
cies showed “statistically higher calcification rates survivorship, and lower mortality at 31°C” 
(Coles et al. 2018). Overall the study showed that current corals exposed to 1970’s conditions 
showed a relative decrease in mortality, compared to what was observed in the observed 1970’s 
mortality rate. Researchers concluded current corals are more resilient, as there was a 17% de-
crease in mortality for modern coral. Studies like this one show that coral are capable of accli-
mating and adapting to higher ocean temperatures, but the process is extremely slow. Human 
caused temperature changes will quickly outpace the corals natural ability to adapt.  
 While there have been some protective and preventative measures put in place to help 
curb the decline in coral populations (Mulhall, 2009), there is agreement in the marine science 
community that current relief efforts will not be enough to prevent the continued decline of coral 
populations (Maher et al. 2019). Global temperatures are rising too fast, and coral cannot natu-
rally evolve fast enough to keep up with these temperature spikes (Coles, et al. 2018). A National 
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Science Foundation study of factors that cause corals’ stress suggests that localized attempts to 
curb pollution on reefs won't save them without a worldwide effort to reduce global warming 
(Maher et al. 2019). However, there is also a general consensus that it is not too late to save coral 
reefs, and if action is taken now, then preservation is possible. While some want to work to in-
crease protection of coral from local threats by building protected marine areas (Mcclanahan et 
al., 2006), many argue we need to be taking more proactive measures to preserve coral reefs 
(Maher et.al, 2019).  
 One of the proposed methods being tested is resilience based management theory, which 
involves finding activities harmful to the ecosystem and finding ways to reduce these actions and 
therefore their effects. It’s purpose is to decrease negative factors and increase positive factors to 
improve ecosystem health as a whole.  
 Another of the proposed projects to increase coral resiliency is Aquaculture, which has 
been used successfully in the past for non-coral related projects (Mercier et al., 2013). Aquacul-
ture involves cultivating freshwater or saltwater organisms under controlled conditions, where 
intervention in the form of stocking, feeding, or protection often takes place. It is a method that 
has been used to help increase many fish and plant populations (Bostock 2010). Researchers are 
trying to find a way to translate this successful method over to help increase decimated coral 
populations. 
 Another method being developed and tested is a lab-based proactive approach that in-
volves either assisted gene flow or assisted evolution. These overlapping methods take a more 
active approach that involves increasing gene flow, hybridization and laboratory experiments to 
stress corals and/or their symbionts to better understand and possibly build, resilience to thermal 
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stress. Much of this type of research is still in the planning and theoretical stages, as there are 
concerns raised about modifying nature. 
 
Current Research Projects  
Resilience Based Management Theory 
 Researchers in Hawaii investigated using resilience-based management theory to help 
coral recover from bleaching events. Resilience-based management theory involves increasing, 
or at the very least maintaining, the resilience of whole ecosystems against global warming. It 
involves finding “levers” which are defined as actions that will have a direct impact on resilience 
or reduce reef vulnerability” (Chung, 2019). 
 Overall, researchers examined 12 different levers that Hawaii had put into action, and 
identified the effectiveness of each. These 12 levers were broken into six basic categories: “1) 
spatial planning, 2) fisheries rules, 3) gear rules, 4) aquaculture, 5) land-based pollution mitiga-
tion and 6) enforcement” (Chung, 2019). Researchers collected data from 100 past studies done 
on individual levers and did a systematic review on which levers had shown greater degrees of 
resistance and recovery. Results showed that there was evidence that spatial planning, fisheries 
rules and enforcement strategies had the most positive impact on coral resistance and recovery. 
Regions that had employed these methods showed evidence for resistance, as coral who had 
these techniques implemented were more resistant to bleaching than their counterparts, and also 
showed greater amounts of coral recovery after bleaching events. There was also evidence that 
adjusting levers like gear restrictions, aquaculture techniques, or mitigation strategies increased 
both resistance and recovery, but not to the degree of the other three levers. This type of research 
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is helpful to coral reef managers in Hawaii, so they can adapt strategies that have proven effec-
tive.  
 Resilience-based management theory is good in that it takes a broader approach to under-
standing the problem, but it is also hard to implement because the type of management needed is 
going to vary by region. There is no guarantee that the steps being put forward in Hawaii are go-
ing to work in barrier reefs located in Australia and India, because ecological factors vary, and 
because there may be different legal issues, or policy capacity. However, this type of research 
shows that it is possible to do local-scale interventions based on global-scale recommendations. 
From this type of research, a new and more efficient process can be discovered and imple-
mented, and put resilience-based management theory into practice.  
 
Aquaculture 
 There are two types of coral aquaculture currently in use. The first type is commercial aq-
uaculture, which involves general techniques in closed tanks that are currently used (Ellis, 1999) 
to farm coral for aquarium sales. The second type is more challenging, and involves applying 
these farming aquaculture techniques to restore coral reefs in the ocean.  
 Coral aquaculture used for commercial purposes involves farming soft coral for the 
aquarium trade using fragmentation techniques, where a fragment of coral is removed from the 
parent colony to form a new colony (Ellis, 1999). This type of aquaculture is important because 
coral stock are bred and removed for customers on-site in a controlled environment. It means that 
wild coral in the ocean, which are already struggling under mass bleaching events are left alone. 
If aquaculture could be more broadly applied to further take the strain off of natural corals, it 
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could help combat increasing coral mortality rates. Presently, it is estimated that coral aquacul-
ture represents less than 20% of the global coral trade (CITES 2016). This means that coral trad-
ers are still  taking around 80% of their product from the oceans, whose populations are already 
struggling.  
 Applying farming techniques to coral reef restoration involves farming coral in a safe en-
vironment and eventually transplanting them onto reefs. This type of restoration has a lot of po-
tential and is being explored as an option in many countries. In Madagascar, Acropora nasuta 
and Seriatopora caliendrum samples were collected from the field and investigated to see if there 
was potential for restoration aquaculture (Todinanahary et al., 2016). Madagascar has used aqua-
culture techniques in the past with success; they successfully launched aquaculture with seaweed 
and sea cucumber farming (Conand et.al, 1997). To see if aquaculture was a viable method, re-
searchers had to determine if aquaculture helped coral survival rates and if the process was cost 
effective. To do this, survival and growth rates of coral were tracked through different farming 
sites. The farming site with the highest survival rates was then used going forward (Todi-
nanahary et al., 2016). The results of this study found that coral survival rate was high, and it was 
a technical and environmentally feasible way to help coral survive. But the researchers con-
cluded that the process was too expensive with the removal, growth, monitoring daily, and even-
tual transplantation, and that it wasn't economically feasible since ongoing financial support was 
not secured. It would be better if some were sold and some were transplanted so that there was 
enough money coming in to continue the process, so that the economic benefits could support the 
environmental restoration .  
 However, there are some problems that have arisen with coral aquaculture. Coral are 
raised in dense clusters with each other, making them particularly vulnerable to specific diseases 
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since virulence and communicability of pathogens have been shown to increase with host den-
sity” (Sheridan, et. al 2013). Although this is a problem for both in situ and ex situ colonies, in 
situ are particularly vulnerable since natural marine diseases have been on the rise (Ward, 2004) 
This is worrisome because any disease outbreak can result in loss of the entire colony. While 
many studies have been done on natural coral outbreaks, there have not been many studies of 
disease in coral aquaculture, and therefore the causes and effects of diseases, as well as how to 
treat them is lacking (Sweet, 2011). If coral aquaculture is to be a viable way for increasing coral 
resiliency, there will need to be a lot more research on coral diseases so that mass colony wipe-
outs can be avoided when disease breaks out, which it is wont to do in such close quarters.  
 
Assisted Gene Flow and Assisted Evolution 
 While resilience management theory involves trying to proactively protect the whole 
ecosystem, and aquaculture involves growing corals in a controlled setting, a third more drastic 
research approach involves using adaptive gene flow and adaptive evolution to understand and 
proactively increase coral resilience to thermal stress. These methods utilize laboratory experi-
ments and direct coral transplantation to speed up the rates of adaptation and resilience in corals. 
 Assisted gene flow involves taking heat adapted corals and moving them to cooler parts 
of the reef to build future warming resistance by increasing the potential for offspring to cross-
breed during spawning cycles. This could be done through either assisted larval dispersal or 
through assisted adult migration (Anthony et al., 2017; Oppen et al., 2015). One example of an 
area where assisted gene flow is being tested is the Great Barrier Reef in Australia. Studies have 
indicated that corals further towards the Northern end of the reef are naturally adapted to living 
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in about 3°C higher temperatures than those further South (Bainbridge, 2017). Using this infor-
mation, scientists could theoretically increase warming resistance in Southern corals by moving 
in heat adapted stock, speeding up a process that would take many years if it were allowed to 
happen naturally through normal spawning and distribution of larvae through currents.  
The term assisted evolution refers to a range of approaches that involve active interven-
tion to accelerate the rate of naturally occurring evolutionary processes. In coral, assisted evolu-
tion would come in the form of hybridizing different corals by mating “strong” heat stressed cor-
als with “weaker” less resilient corals (Oppen et al., 2015). This type of cross-breeding is not tra-
ditionally used for conservation biology, but is common in farming and commercialization, such 
as hybridizing food crops to select for stronger and more temperature resistant crops (Newell-
Mcgloughlin, 2008). There are concerns that this could compromise a reef’s genetic diversity,  
and that stronger ethical regulations are needed (Filbee-Dexter, et al., 2019). Despite the 
pushback, studies on the characteristics of coral hold them to be good candidates for assisted 
evolution, and scientists theorize that this method could help coral develop the capacity to adapt 
at a pace matching the current increasing temperatures (Oppen, et.al, 2015). 
 Oppen et al., (2015) are one of the teams studying how to use assisted evolution to build 
more resilient coral that can withstand heat waves. When coral spawn during a once a year event, 
Van Oppen and her team gather genetic material in the form of thousands of bundles of eggs and 
sperm that is taken to the lab for further study of cross breeding potential (Cornwall, 2019). Us-
ing these preliminary findings, Van Oppen hypothesized four different methods studying and po-
tentially increasing coral resiliency using assisted evolution (Oppen et al., 2015). Three of the 
approaches involve changes to the coral themselves, and the fourth involves changing the algal 
symbiont.  
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1) Inducing Acclimatization 
 The first method involves using assisted evolution to expose natural coral stock to ther-
mal stress and induce “preconditioning acclimatization (i.e., within generations) and transgenera-
tional acclimatization (i.e., between generations) through epigenetic mechanisms sensu strictu” 
(Van Oppen, 2015). The idea is to slowly acclimate corals through controlled exposure to in-
creasing temperatures, a sort of heat vaccine so that coral have time to build a heat immunity 
within a single coral generation. Putting this into practice would involve targeting traits that have 
high heritability. In other words the trait allowing the corals to survive high heat would need to 
have a genetic basis. 
 This type of acclimatization was tested at Heron Island Research Island in Australia 
(Middlebrook et al., 2008), where researchers collected branches of the coral species Acropora 
aspera and its symbiont Symbidonium from its natural reef habitat. Half of these coral branches 
were put in heated tanks where the temperature was elevated to 31°C over a 48 hour period. The 
other half, which acted as the control group, were left in unheated tanks that were left at the 
27°C, which is the local average ocean temperature. All coral were then left alone for the next 
two weeks. Researchers then exposed both groups of coral to 34°C for 6 days, simulating a 
bleaching event. It was found that the symbionts in the control corals dropped by approximately 
40%, but those in the heat-stressed group had the density of their Symbidinium colonies remain 
the same (Middlebrook et al., 2008). Authors concluded that the corals showed less stress after a 
pre-heatwave heat exposure. 
  This is a non-invasive and rather simple method that has yielded positive results in one 
study (Middlebrook et al., 2008), but it has several problems that make it hard to implement on a 
large scale. One problem is that it would be challenging to find a way to do this pre-stressing 
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event to enough coral to make a real impact on global populations of coral. Another problem, 
that the authors (Middlebrook et al. 2008) point out, is that even with the controlled heat stress, 
there is only a small temperature range that coral can live in, and while the heat stress can help 
coral better survive bleaching events under current temperatures, it will not be enough to help 
them survive future projected temperatures from ever increasing global warming.  
2) Modification of Microbial Communities 
 The second method involves using assisted gene flow by actively modifying “the com-
munity composition of coral-associated microbes (eukaryotic and prokaryotic)” (Oppen et al., 
2015). As previously discussed, coral have a mutualistic relationship with the dinoflagellates in 
the genus Symbiodinium. These Symbiodinium are diverse, and so are their functions. Studies 
done on zooxanthellae have shown that there are eight different phylogenetic clades, A-H, with 
each clade containing many different species (Mieog et al., 2007). While most coral seem to only 
associate with a single zooxanthellae type, molecular studies have shown these partnerships to be 
more flexible than previously thought, with different hosts and symbionts showing varying de-
grees of specificity in their associations (Baker, 2003). 
 For example, Van Oppen and her team tested whether the presence of different types of 
Symbiodinium can make a host more or less susceptible to environmental disturbances 
(Berkelmans et al, 2006) Using Acroporal millepora, the researchers sampled 22 colonies from 
the Southern portion of the Great Barrier Reef, and another 22 were taken from the Northern por-
tion, and transplanted the colonies to the center of the reef, where temperatures average around 
1°C higher than the cool waters they were transplanted from. To determine if the presence of a 
certain type of Symbidinium had greater thermal tolerance, the types of zooxanthellae associated 
with the different colonies were identified using fluorescence and used the internal transcribed 
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spacer gene (ITS1) to genotype. Researchers needed to know what types of zooxanthellae were 
associated with the different coral colonies. Berklemans et al., (2006) were able to draw several 
conclusions from this study. They found that coral colonies with Symbiodinium types C and D 
had an increased thermal tolerance, and that type D was the most thermally resistant type. The 
tolerance gained by type D Symbiodinium coral in the study increased thermal tolerance by 
around 1–1.5 °C (Berkelmans et al, 2006). This study showed there is potential to help coral ac-
climatize by introducing different Symbiodinium to impart greater heat resistance. Decreasing 
specificity and allowing for a greater range of potential symbiotic inhabitants could help coral 
increase heat resistance. However, no compelling evidence exists to suggest adult corals are able 
to establish a stable symbiosis with novel Symbiodinium types, meaning that any work done with 
transferring Symbiodimium would have to be done during early coral life while coral are still ju-
venile and able to accept different types of Symbiodinium (Coffroth et al., 2010).  So there is 
only a small window of opportunity, and existing adult communities of corals would not benefit 
from this type of assisted evolution. Therefore, it would take several years while the experi-
mented coral matured before effects could really start to take effect.  
 While this second form of assisted evolution has potential going forward for future gener-
ations of coral, this in itself is not a complete solution. While it is significant that this research 
provides a way for coral to adapt exponentially faster than they would in nature, it would most 
likely only be a delay, as predicted sea surface temperatures over the next hundred years show 
higher increases in temperature than the 1–1.5 °C buffer this would give coral (NOAA, 2016). 
The authors do acknowledge that this won’t save coral by itself but put forth the idea that it could 
buy time while humans work to reduce greenhouse emissions.  
3) Selective Breeding 
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 The third method involves using assisted evolution to selectively breed corals to “gener-
ate certain genotypes exhibiting desirable phenotypic traits” (Van Oppen et al., 2015). This 
would involve mixing gene pools from either the same or different species, also known as infra-
specific and interspecific hybridization, respectively. Interspecific hybridization occurs when sci-
entists take two distinct species and hybridize them. Research has focused on interspecific hy-
bridization, because of the increased potential for gene flow. One common example is the “leo-
pon” which is obtained by crossing a male leopard and a female lion. Interspecific hybridization 
has been used in other research (Brasier et al., 1999; Schwenk et al., 2008), mainly with scien-
tists using it to increase genetic diversity and thus adaptive potential via hybridization. A benefit 
to hybridization is the increase in genetic diversity to the population, which allows for more 
combinations that may help the individual acclimate and the population adapt over time to an 
ever-changing environment.  
 Scientists are exploring this interspecific hybridization as a way to help corals in the face 
of global warming. This hybridization could be used to select for phenotypic traits like high ther-
mal tolerance, or it could be used to increase coral genetic variability and give natural selection 
something more to act on (Oppen et al., 2015) A study conducted in the Australian Institute of 
Marine Sciences (Chan et al., 2018) took two Acropora species and hybridized them.  The spe-
cies hybridized were (1) an Acropora tenuis × Acropora loripes cross, and (2) an Acropora 
sarmentosa × Acropora florida cross. Sperm-egg bundle samples from all three species were col-
lected from a section of the Great Barrier Reef, called Trunk Reef, and then placed in higher 
thermal waters. The various hybrid crosses were then compared to purebred controls made in the 
lab to see test for enhanced fitness and resilience. Fitness was measured using the four different 
criteria: survival, recruit size, Symbiodinium uptake, and photochemical efficiency. Overall, the 
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study showed that hybrids have a higher climate resilience than the species that were purebred. 
The Acropora sarmentosa × Acropora florida cross showed a 12-22% higher survival rate and 
were larger than both of their parent species. This is good news. All hybrids were either equal to 
their purebred parents or better. This means that interspecific hybridization is a possibility.  
 Another testament to the possibility of interspecific hybridization occurred naturally in 
the Caribbean when the F1 hybrid A. prolifera was first observed. It is intermediate in its mor-
phology to Acropora palmata (elk-horn coral) and A. cervicornis (stag-horn coral). Researchers 
compared fitness levels of this hybrid and parent species, and results seemed to favor the effec-
tiveness of interspecific hybridization.  “Hybrids were not found to be inferior to the parental 
species at any examined life history stage, and in a few cases hybrid viability exceeded the pa-
rental species” (Fogarty, 2012). 
 There are several concerns with interspecific hybridization. First, we do not know the 
long term effects of creating a more resilient species. It could be that the engineered coral will 
outperform and dominate wild coral and could further stress them as well. This could alter eco-
system dynamics and cause unintended ripples through the many forms of life that depend on the 
coral reefs.  A second problem with transplanting coral from other areas is an increased risk of 
importing harmful pathogens. So, while the increase in hybridization may produce helpful phe-
notypic traits leading to increased reef resiliency, so is the possibility of a harmful mutated dis-
ease that could put struggling coral under further stress. Lastly, much more data needs to be 
collected, including testing over several generations of coral to make sure the hybrids have high 
enough fitness levels to be a viable option. Unfortunately, this type of testing is very slow going, 
as these coral species all take 3-7 years to reach reproductive maturity (Chan et al., 2018). It 
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could be years before its proven effective enough for field work, which is time coral species do 
not have, as their population numbers dwindle with every year.  
4) Symbiodinium Evolution 
 The fourth method involves using assisted evolution to evolve algal symbionts in the la-
boratory through “mutagenesis and/or selection" (Oppen et al., 2015). Researchers work to make 
Symbiodinum strains more heat tolerant by exposing them to environmental heat stress in the lab, 
and by exposing them to mutagens to increase somatic mutations (Oppen et al., 2015). Labora-
tory-based genetic adaptations of other asexually reproducing algae has been examined. For ex-
ample, populations of the calcifying photosynthetic algae Emiliania huxleyi were exposed to in-
creased concentrations of CO2. Within 500 asexual generations, E. huxleyi that were exposed to 
the CO2 had higher growth and calcification rates than the controls not exposed to CO2 (Lohbeck 
et al., 2012). Researchers could theoretically apply a similar strategy with Symbiodinium to see if 
they could select for more resilient symbionts, especially given their short generation times.  
 This type of mutagenesis has been successful in enhancing the micro algae Chlorella so-
rokiniana. Researchers wanted to increase the luteinizing productivity of the algae, and used N-
methyl-N’-nitro-nitrosoguanidine (MNNG) as a mutagen. The resulting C. sorokiniana mutant 
had double the lutein yield of the non-mutated micro algae controls (Cordero et al., 2011). The 
successful mutagenesis of C. sorokiniana lays the theoretical foundation for Symbidinium muta-
genesis as a possible solution, but lab testing is in the early stages (Oppen et al., 2015). 
 Researchers are looking at applying similar methods to Symbiodinium to determine if 
they would be useful in a different system. No solid findings have been published. If researchers 
can translate results over, a more resilient Symbiodinium would be helpful in increasing resili-
ency in its symbiotic partner. 
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Time Constraints 
 A problem that applies to all the different types of assisted evolution considered, is that 
there is no easy way of knowing the long term effects of these types of manipulations on future 
generations of coral. This is not something that is simple to test either. For example, the 
Acropora aspera tested for preconditioning acclimatization have to wait a few years before they 
can breed. “The characteristic colony size at maturation usually corresponds to a minimum pu-
berty age of 1-3 years” (Hall, 1996). It could take years and maybe even decades before enough 
generations have been monitored and cleared to be safe for field introduction. This is time that 
the dwindling coral population do not have. 
Conclusion 
 The extreme thermal stress caused by human-induced climate change is causing mass 
mortality of coral, which are unable to keep pace with the speed of changes seen in the world’s 
oceans. One option is to work to manage the entire ecosystem through resilience-based manage-
ment theory (Chung et al., 2019), but it has the pitfall of not being an easily solved or imple-
mented strategy, as different regions around the world will have different requirements and legal 
regulations. Alternately, Aquaculture has the potential to farm enough coral to restore the 
oceans’ reefs, but the monetary cost of this approach to raise, feed, protect, and transport coral is 
high. Lastly, researchers focused on gene flow and assisted evolution studies, which have the po-
tential to make a significant difference, but are more invasive methods that require long term ob-
servation before implementation is feasible (Middlebrook et al. 2008; Oppen et al., 2015).  
  Hoegh-Guldbert et al. (2018) argues that caution needs to be exercised when un-
dertaking projects using these new technologies, as we do not yet have scientific understanding 
of potential adverse outcomes. Other researchers (Anthony et al., 2017; Rau et al. 2012) contend 
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that if coral are to increase resiliency enough to meet the predicted heat spikes in the upcoming 
years, human intervention is definitely needed, but refer to assisted evolution and other resilience 
based techniques as “opportunities of last resort,” as the real problem is the increasing emissions 
of greenhouse gases.  
 It is my opinion that using all three methods (management, aquaculture, and assisted evo-
lution/gene flow) in combination is required to help save coral reefs. There needs to be more 
push for proactive conservation, such as policy that reduces greenhouse gases, and puts a curb on 
global warming (Rau et al., 2012). Aquaculture can help to reduce stress on coral fisheries and 
may prove useful for breeding some coral species that could be transplanted back into the natural 
system (Chung et al., 2019). Lastly, it is important that assisted evolution and gene flow ap-
proaches are continually researched as viable means of speeding up the evolution of coral resili-
ency in response to thermal stress. (Middlebrook et al., 2008; Oppen et al., 2015) It is important 
to continue to also put effort into proactive research studies that work to help build coral resili-
ence because we know that, even with more proactive measures in place, thermal stress will con-
tinue to be an issue for coral reefs (Burke et al., 2011). The loss of coral and coral reefs would be 
devastating, causing a massive decline in the biodiversity marine life as we know it, as one quar-
ter of the world’s annual fish catch come from coral reefs (Storlazzi, 2019).  
The loss of breeding and eating grounds could theoretically cause a decline in fish populations, 
reducing an important and vital food source to many people around the world, and thousands of 
people in the tourism and fishing industries would lose their jobs, such as reef adjacent busi-
nesses like hotels and restaurants (Jameson, 1995).   
 It is my opinion that now is the time for daring and risky. The world has lost 80% of its 
coral populations. Coral reefs are on their last leg, and future projections of warming show no 
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hope of recovery. It is only going to get worse. I think that the interspecific hybridization of dif-
ferent coral species in order to make a new and superior species is the type of current effort that 
could do the most good. Breeding coral that are stronger and more heat resistant by combining 
different phenotypic traits across species has a lot of potential to be a viable solution. It does 
have its risks, but at this point the risks seem to cost less than doing nothing. 
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